Valuable information is retrieved from the integrated investigation of the field relationships, microstructure and mineral compositions of harzburgites from the Neoproterozoic Cerro Mantiqueiras Ophiolite. This important tectonic marker of the geological evolution of southernmost Brazilian Shield was thoroughly serpentinized during progressive metamorphism, because the oldest mineral assemblage is: olivine + orthopyroxene + tremolite + chlorite + chromite. This M 1 was stabilized in mid amphibolite facies -550-600 o C as calculated from mineral equilibria. No microstructural (e.g. ductile deformation of olivine or chromite) or compositional (e.g. mantle spinel) remnant of mantle history was identified. A metamorphic event M 2 occurred in the low amphibolite facies along 100 m-wide shear zones, followed by intense serpentinization (M 3 ) and narrow 1-3 m-wide shear zones (M 4 ) containing asbestos.
INTRODUCTION
The uncommon presence of ophiolites in the Neoproterozoic geological record of the continents makes these mantle-oceanic crust fragments most significant for the understanding of geotectonic processes active at the end of the Precambrian. The intense alteration of the ophiolites involves deformation in the mantle and in the crust through successive episodes of recrystallization. The result in many cases is an association containing peridotite and amphibolite without remnant, direct evidence of mantle deformation such as strained olivine or chromite. This complex interplay of sequential deformation and recrystallization of the ophiolite requires detailed microstructural investigation of the Correspondence to: Léo A. Hartmann E-mail: leo.hartmann@ufrgs.br *Member of Academia Brasileira de Ciências mineral assemblages and mineral compositions for the unraveling of the processes involved in the emplacement and deformation of the ophiolite.
Neoproterozoic ophiolites occur along extensive sutures in the Arabian-Nubian Shield (Gass et al. 1984 , Berhe 1990 , Stern 1994 and these have been investigated in much more detail than the coeval ophiolites in the Brazilian Shield. Overall, these ophiolites are remnants of Neoproterozoic ocean basins destroyed during Supercontinent Gondwana amalgamation. All known ophiolites of this age were identified on the basis of the nature of the associated juvenile continental crust, because no direct evidence of mantle deformation has been preserved in the contained minerals. Large gravimetric anomalies suggest the presence of sutures in the Arabian-Nubian Shield (Gass et al. 1984) . Brazilian ophiolites are few and small (Suita and Strieder 110 LÉO A. HARTMANN and FARID CHEMALE-JÚNIOR 1996) and have been as intensely deformed and altered as their Arabian-Nubian correlatives (Berhe 1990) . Similarly to northeast Africa, the Brazilian ophiolites occur in the juvenile terranes identified in the Neoproterozoic Brasiliano Cycle orogenic belts, the Goiás magmatic arc in Central Brazil (Pimentel and Fuck 1992) and the Vila Nova belt (Figs. 1 and 2) in southern Brazil (Babinski et al. 1996) . Smaller gravimetric anomalies (<30 mgal; Haralyi and Hasui 1982) indicate that the sutures were not active near the exposed ophiolites in the Brazilian Shield.
The 9-km long, harzburgite-amphibolite Cerro Mantiqueiras Ophiolite is a key geotectonic unit for the understanding of the southern Brazilian Shield evolution during the Neoproterozoic (Figs. 3 and 4) . The goal of this investigation is to determine the geological evolution of the ophiolite based on field and microstructural relationships integrated with detailed, extensive electron-microprobe analyses of the minerals preserved from the sequential deformation of the basalts and peridotites.
REGIONAL GEOLOGY
Knowledge of the geological relationships in the southern Brazilian Shield (Fig. 1 ) has been improved by systematic investigations over the last fifty years, following the founding of the first undergraduate courses in Geology in Brazilian universities in 1957. Intense geological mapping by the Brazilian Geological Survey improved the understanding of many of the basic problems (Ramgrab et al. 1997, Porcher and Lopes 2000) . Studies by staff and students from several Brazilian universities further expanded the knowledge of the geological relationships (e.g., Goñi 1962 , Machado et al. 1987 , Fernandes et al. 1992 , Leite et al. 1998 , Hartmann et al. 1999a , b, 2000a , b, Remus et al. 2000 .
We now know that the southern Brazilian Shield (Hartmann et al. 2000a ) had an evolution comparable to the entire shield (Hartmann and Delgado 2001) , because it contains some of the oldest granitic rocks -3.41 Ga, La China Complex tonalites, which formed during the Uruguayan Cycle -3.45-3.00 Ga. It also has rocks formed during the other orogenic cycles -Jequié Cycle, 2.95-2.66 Ga; Trans-Amazonian Cycle, 2.25-2.00 Ga; and Brasiliano Cycle, 1.0-0.55 Ga, all active during the episodic formation of the Brazilian Shield. Grenville-type orogenies -Sunsás Orogeny, 1.2-0.9 Ga, occur in southwestern Amazon Craton (e.g., Sadowski and Bettencourt 1996) but have not been identified in the southern Brazilian Shield. The Brazilian Shield was cratonized at the end of the Brasiliano Cycle -at about 550 Ma, but younger orogenic deformation continued over 2000 km to the west to build the Andes.
The episodic orogenic deformation occurred at the active margins or within major Precambrian supercontinents (Hartmann 2002) . The tectonic stability that followed the Trans-Amazonian Cycle is related to the existence of Supercontinent Atlantica -2.00-1.00 Ga. Remnants of this supercontinent are known in the southern Brazilian Shield as the Rio de la Plata Craton. The intense deformation of the Neoproterozoic Brasiliano Cycle -1.00-0.55 Ga formed the Supercontinent Gondwana, causing extensive crustal reworking of the Supercontinent Atlantica and juvenile accretion of TTG and ophiolites such as the Cerro Mantiqueiras Ophiolite.
This extended -3.41-0.55 Ga, and polycyclic -four orogenic cycles, evolution of the continental crust left a complex imprint on the geological relationships in the southern Brazilian Shield. Ultramafic rocks are known from orogenic belts formed in all four orogenic cycles, but these are small (<500 m) and intensely deformed; although some are associated with mafic rocks, it has not been possible to characterize them as part of ophiolites. On the contrary, they are more likely deformed komatiite lavas from these Archean and Paleoproterozoic belts (e.g., Hartmann et al. 2000b) .
The search for ophiolites in this southwestern border of Gondwana has been concentrated in the Vila Nova terrane (Fig. 2) , a Neoproterozoic juvenile association of TTG (tonalite-trondhjemitegranodiorite)-andesite-harzburgite. The Vila Nova An Acad Bras Cienc (2003) 75 (1) belt seems comparable to the Neoproterozoic juvenile Arabian-Nubian Shield, and it may contain ophiolite fragments as well. The juvenile Vila Nova belt is part of the São Gabriel Block, which was described by Jost and Hartmann (1984) as the geo-tectonic unit present in the western portion of the Brazilian Shield in the state of Rio Grande do Sul, because the geological, magmatic and metamorphic relationships of the block are not comparable to the eastern portion, known as the Dom Feliciano Belt (Fragoso Cesar et al. 1986 , Hartmann et al. 2000a ). This concept has been consolidated by recent investigations in the southern Brazilian Shield, because only the São Gabriel Block contains (1) a major Archean/Paleoproterozoic granulitic unit -the Santa Maria Chico Complex (Hartmann et al. 1999a ) and (2) a Neoproterozoic juvenile granitic/volcanic belt (Babinski et al. 1996) . A Neoproterozoic shoshonitic to alkaline volcanic association (Lima and Nardi 1998) is also distinctive in the São Gabriel Block, although it extends over the basement to the east into the foreland Camaquã Basin. This basin covers the contact of the block with the Dom Feliciano Belt (Fragoso Cesar et al. 1986 ), a geotectonic unit formed by crustal reworking of the Paleoproterozoic Rio de la Plata Craton (e.g., Babinski et al. 1997, Frantz and Botelho 2000) .
The São Gabriel Block has the largest volume of ultramafic rocks in the shield, including the investigated ophiolite. Metamorphosed ultramafic rocks are common in the block but form small massifs -100-500 m-long. Magnesian schists, commonly containing talc-tremolite-chlorite, occur in the Passo Feio, Bossoroca and Cambaizinho belts and also in the Cambaí Complex (Fig. 2 ).
GEOLOGY OF THE CERRO MANTIQUEIRAS OPHIOLITE
The Cerro Mantiqueiras Ophiolite displays some outstanding geological features (Figs. 3 and 4), such as: (1) structural and metamorphic concordance between a 9 km × 0.5 km body of harzburgite, rimmed by amphibolite, with the enclosing TTG association; (2) amphibolite of volcanic origin as seen in strongly deformed pillow lavas; (3) presence of metachert; (4) presence of a few 0.5 m-long massive chromitite pods; (5) monomineralic talc, chlorite and tremolite rocks along contacts of harzburgite with granitic rocks; (6) a few meter-sized, metassomatic blocks of albitite; (7) Fig. 3 -Regional geological map of Cerro Mantiqueiras Ophiolite (modified from R. Pinheiro Machado 1995, unpubl. and Leite 1997) . Location of five samples dated by zircon U-Pb SHRIMP (Leite et al. 1998 ) indicated. a one hundred-meter thick, talc-chlorite-tremoliteanthophyllite shear zone; (8) extensive serpentinization of the harzburgite, including some asbestosbearing, 1 m-thick shear zones. Detailed gravimetric studies (J.A.D. Leite and F. Magro 1997, unpublished data) integrated with geological mapping at the 1:5000 scale show that the Cerro Mantiqueiras Ophiolite -harzburgite + serpentinite + magnesian schist + amphibolite, extends for 10 km × 0.5 km to a depth of 11 km dipping 70 o to the south.
The harzburgites occur as elongated masses and pods with variable lengths -5-350 m, surrounded by the mylonitic magnesian schists. The pods are angulose blocks and boulders less than 20-30 m long. A thin grey to light red alteration film covers blocks and boulders; orthopyroxene is light grey and olivine is light red.
Harzburgites are well foliated to massive. Foliated rocks are medium to fine grained. The medium grained rocks have crystals from 0.5 to 2.0 cm, and the rocks are banded and show thin discontinuous orthoyroxene-rich harzburgite bands up to 2 cm thick alternating with olivine-rich harzburgite bands. Fine grained rocks have mylonitic texture in which porphyroclastic relics of orthopyroxene and olivine lie in a fine grained mass of serpentine. Massive rocks are coarse grained, with grain size of olivine and orthopyroxene varying between 1 and 15 cm. The texture is coarse granular xenoblastic with orthopyroxene and olivine showing interfingering contacts.
Serpentinites occur in two different settings. They form diffuse masses associated with the harzburgites and are grey to yellowish green, fine to very fine grained. Or else, the serpentinites occur in narrow 1-5 m-wide subvertical shear zones containing asbestos and cutting the harzburgite masses. In these zones, harzburgite blocks are immersed in a fine grained and well-foliated serpentinite matrix. These mylonitic serpentinites are black in fresh samples and greenish grey in altered samples. The remarkable geological relationships indicate a com- plex succession of events in the formation of the ophiolite, and these can be observed with optical petrography.
PETROGRAPHY
The TTG rocks show evidence of recrystallization in the amphibolite facies, such as ductile deformation of feldspars, followed by greenschist facies, partial retrogressive alteration to chlorite and sericite. The amphibolites are plagioclase-hornblende rocks and show some retrogression to chlorite and actinolite. But the highly reactive, massive harzburgites display the most informative sequence of mineral assemblages for the understanding of metamorphic conditions attained during the evolution of the ophiolite.
The dominant mineral assemblage ( Fig. 5 ) was formed during the highest grade of metamorphism registered in the harzburgites:
The olivine crystals are tabular, 1-100 mm large in general but some crystals reach 150 mm, strongly serpentinized and show no evidence of ductile deformation. Although length: width ratios of olivine crystals are near 1, some are elongated 2:1 and show negative optical elongation sign, a typical property of metamorphic olivine because its growth during metamorphism occurs along the b crystallographic axis (e.g., Evans and Trommsdorf 1974) . The orthopyroxene crystals are 1-80 mm across but may reach 150 mm, and form radiating bundles. Small, 0.5-mm crystals of olivine occur as inclusions in orthopyroxene and vice-versa, particularly near crystal rims. Orthopyroxene shows ductile deformation features such as ondulatory extinction, deformation lamellae and sub-grain formation. Tremolite and chlorite are not abundant, but occur as 1-10 mm crystals, in textural equilibrium with olivine and orthopyroxene. Chromite occurs as 1-5 mm large inclusions in olivine and orthopyroxene.
The following retrogressive mineral assemblage is dominant in the shear zone and occurs disseminated in the harzburgite:
These rocks are schistose and the grain size is about 0.5-1.0 mm.
Another assemblage occurs in small amounts in massive rocks:
The generalized serpentinization of the harzburgite formed the assemblage:
Spinel phases usually yield significant information regarding the origin and evolution of the host ultramafic rocks (e.g., Evans and Frost 1975 , Irvine 1967 , Dick and Bullen 1984 , Sack and Ghiorso 1991 , Suita and Strieder 1996 , Candia and Gaspar 1996 , Candia et al. 1999 ). In the Cerro Mantiqueiras Ophiolite, two types of spinels occur in the ultramafic rocks, Cr-magnetite and chromite, and both occur either disseminated in the ultramafic rocks or massive in 20-30 cm-long pods. Spinel crystals are anhedral to subhedral, about 0.1-4.0 mm in size and commonly have thin 0.01 mm rims of Cr-magnetite. Six massive Cr-magnetite and chromite pods have been identified in the ophiolite. The disseminated spinels are commonly included in olivine and orthopyroxene but also occur in intercrystalline positions and are very fine grained -0.01-0.25 mm. Cr-magnetite also occurs as fine to very fine grained crystals, and forms clouds in the silicates, widely distributed in the harzburgites. In short, two types of spinel occur in terms of grain size; the very fine to fine grained crystals are Cr-magnetite, whereas the fine to coarse grained crystals may be either Cr-magnetite or Fe-chromite. The largest Cr-spinel crystals are slightly richer in Cr 2 O 3 and are partly corroded by chlorite. The extensive chemical investigation -495 analyses, of the harzburgite minerals -olivine, orthopyroxene, tremolite, chlorite and spinel, by electron microprobe led to the detailed description and to an advanced understanding of the metamorphic processes involved. Full tables containing the results of electron microprobe analyses of minerals can be obtained from the authors; only representative analyses are published here. The 157 analyses of olivine (Table I) show that the composition varies between Fo 87.1 and Fo 92.3 (Fig. 6 ). The crystals are unzoned and show little chemical variation between grains from the same sample or even when crystals from different samples are compared.
The trace element contents (NiO and MnO) of M 1 forsterite (Fig. 6) indicate compositions sim-ilar to mantle or high grade, crustal metamorphic olivine. The field for mantle compositions is indicated in Fig. 6 , and the field for high grade metamorphic olivine can be estimated by extending the compositions from the low metamorphic grade field through the tremolite-talc field into higher NiO (Fig.  6a) or lower MnO and higher Fo contents of olivine (Fig. 6b) . Some analyses are similar to olivines from low-amphibolite facies (tremolite-talc field), probably as a result of retrogressive alteration during M 2 metamorphism.
Orthopyroxene (n = 143 analyses) has a compositional variation (Table II) The 123 spinel analyses (Table III) The chemical compositions of the analyzed disseminated spinels are different from massive podiform and stratiform chromites from other regions (Fig.  7) , and more comparable to compositions of upper greenschist and amphibolite facies spinels. One sample of harzburgite was investigated in more detail, because it contains spinel inclusions in plastically deformed orthopyroxene. If the orthopyroxene were a relict mantle phase, then the chemical composition of the spinel would probably approximate to mantle spinels. The chemical analyses of these spinel inclusions show that their compositions are identical within error with the other Crmagnetites from the harzburgites (Fig. 7) . A mantle origin for the orthopyroxene and included spinel has not been demonstrated, therefore.
The investigation of five spinel crystals from two massive pods included chemical analyses along 1000 µm-long profiles, individual analyses spaced 50 µm. The cores of the crystals are Fe-chromite and Cr-magnetite and the rims are Cr-magnetite. The massive spinels have the following chemical compositions (wt%) in the profiles analyzed: Al 2 O 3 , 4.16-5.80; TiO 2 , 0.01-0.07; Cr 2 O 3 , 27-50; Fe 2 O 3 , 14-35; MgO, 4.5-6.8; FeO, 21-23. Some of the ratios between cations are: #Mg = 0.16-0.24; #Cr = 0.82-0.91; #Fe = 0.75-0.77; Cr/Al = 6.6-11.2. Some of the chemical analyses made on many spinel crystals show some minor differences in the profiles. In general, the highest Al 2 O 3 and Cr 2 O 3 contents are in the center of the spinel crystals. Chemical discrimination diagrams indicate that these massive Fe-chromites and Cr-magnetites are different from massive stratiform or ophiolite podiform spinels and more comparable to low to medium grade metamorphic spinels (Fig. 7) . These discrimination dia- grams are presently used integrated with the geological, microstructural and geochemical evidence, because otherwise they may lead to incorrect conclusions (Kimball 1990 , Candia and Gaspar 1996 , Power et al. 2000 . The amphiboles in the harzburgites were extensively investigated on the electron microprobe with the EDS and 43 WDS chemical analyses (Table IV). Only tremolite was identified, both in well formed, larger crystals from the M 1 assemblage and in smaller prisms from the M 2 and possibly M 3 assemblages. Chlorite analyses (n = 29, Table V) show highly magnesian compositions, close to clinochlore. Chemical analyses (n = 34) of two albite crystals from a metassomatic albitite show average composition of Ab 95 An 3 Or 2 .
METAMORPHIC EVOLUTION
The sequence of events from M 1 → M 2 → M 3 → M 4 is illustrated in Figure 8 . The M 1 mineralogical assemblage of the harzburgite in the ophiolite is characteristic of metamorphic harzburgites recrystallized in the mid amphibolite facies (Evans and Trommsdorf 1974, Evans 1977, Bucher and Frey In summary, the M 1 mineralogical assemblage was formed during regional metamorphism in the mid amphibolite facies, because olivine, orthopyroxene, tremolite and chlorite occur in a stable assemblage and no clinopyroxene or picotite were observed in the harzburgites. The spinel compositions are also compatible with equilibration in mid amphibolite facies metamorphic conditions in the crust.
From the petrographic observations and electron microprobe chemical analyses, no remnant mantle mineralogy was encountered. Olivine and chromite are fractured but do not display ductile deformation indicative of mantle deformation. The ondulatory extinction shown by many crystals of orthopyroxene is attributed to deformation occurring late during the amphibolite facies metamorphic event, as is common in cratonic ultramafic complexes. The detailed chemical investigation of chromite crystals from massive chromitites and those included in orthopyroxene that shows ondulatory extinction also indicates compositions comparable to amphibolite facies crystals. The harzburgite was therefore entirely recrystallized during and after its emplacement in the crust, because no remnant mantle minerals were identified. Its present position is the result of crustal deformation in metamorphic conditions about 550-600 o C or slightly higher in mid amphibolite facies (Fig. 9 ). The Jackson (1969) geothermometer tends to yield temperatures which are unrealistically high (Sack and Ghiorso, 1991) , but Fig. 9 indicates that man-tle temperatures (>1000 o C) are not preserved in the analyzed mineral pairs (Appendix 2).
The metamorphic conditions prevailing during M 2 were retrogressive in the low amphibolite facies, because anthophyllite is stable in association with talc, chlorite and tremolite and olivine occurs in equilibrium with talc. Orthopyroxene is not stable in these conditions and was not found in the assemblage. Temperatures during this metamorphic event M 2 were about 500-550 o C or slightly higher (Fig.  9 ). M 3 occurred in the greenschist facies because of the abundance of serpentine.
The formation of the monomineralic rocks composed of talc, tremolite, chlorite or albite and present at the contact with the granites is interpreted as occurring before M 1 , because there is no field or petrographic evidence linking this intense metassomatic event to the M 3 serpentinization event. The formation of thick blackwall reaction zones and albitites requires extensive serpentinization of the ultramafic rock, because many trace elements (e.g. Na 2 O, K 2 O, Al 2 O 3 , CaO) are unable to enter the serpentine structure and thus migrate to the wall rocks and dykes. Thus, the M 1 mineralogical assemblage of the harzburgite is interpreted as the result of mid amphibolite facies recrystallization of a serpentinite. The albitite and zoned blackwall were recrystallized along with the serpentinite but the mineralogy did not change much because a similar assemblage was stable in the new amphibolite facies conditions. The metamorphic evolution of the Cerro Mantiqueiras Ophiolite included, in our interpretation, an initial, strong greenschist facies event of serpentinization and associated metasomatic formation of albitite and chloritic blackwall. The harzburgite is interpreted therefore as a meta-serpentinite. But the strong overprint of amphibolite facies metamorphism precludes the petrographic investigation of the metasomatic processes.
This extended metamorphic evolution was responsible for the obliteration of textures and mineralogy which had possibly originated in the mantle before the Neoproterozoic emplacement of the ophiolite into the juvenile portion of the southern Brazilian crust. The initial serpentinization was very 122 LÉO A. HARTMANN and FARID CHEMALE-JÚNIOR intense, because rather thick blackwall rocks were formed. This serpentinization presumably recrystallized entirely all the silicates and spinels into low temperature minerals such as serpentine, talc, tremolite, brucite, chlorite and Cr-magnetite. Any surviving mantle mineralogy was later recrystallized during progressive metamorphism to greenschist and amphibolite facies assemblages, leaving no trace of pre-M 1 textures, structures or minerals.
CONCLUSIONS
The investigation of the Neoproterozoic Cerro Mantiqueiras Ophiolite from southwestern Gondwana was based on field, petrographic and electron microprobe techniques and resulted in the understanding of the following evolutionary steps:
1. Presumed emplacement of the mantle peridotite into the crust; 2. Thorough serpentinization of the peridotite, with the destruction of most or all mantlegenerated microstructures and mineralogy. Metasomatic monomineralic rocks formed near contacts with granitic rocks, containing albite, chlorite, tremolite or talc.
3. Progressive metamorphism leading to the recrystallization of any remaining mantle characteristics of the ultramafic rocks and the formation of the M1 mineralogical assemblage in mid amphibolite facies -olivine + enstatite + tremolite + chlorite + chromite. This is the oldest crustal event recorded in the harzburgite.
4. M 2 shear zone metamorphism of the harzburgite in shear zones, forming the low amphibolite facies assemblage talc + chlorite + tremolite (+anthophyllite) + Cr-magnetite.
5. M 3 extensive serpentinization of the ophiolite.
6. M 4 generation of narrow shear zones containing asbestos. two steps over a 15-year period, following its initial description by Goñi (1962) . Initially, Ricardo Pinheiro Machado and Léo A. Hartmann (1990, unpublished) examined the geology of the ophiolite and country rocks and identified the mid amphibolite facies metamorphism of the harzburgite and the presence of monomineralic blackwall rocks, including albitite. They made some chemical analyses of the minerals in the electron microprobe of the University of São Paulo. They also concluded that the mafic, ultramafic and granitic rocks are in deformational concordance and were submitted to the same mid amphibolite facies event. A preliminary geological map was made at the 1:50,000 scale. Preliminary whole-rock Rb-Sr geochronology indicated that the granitic rocks have Neoproterozoic age about 600 Ma.
APPENDIX 1 MATERIALS AND METHODS

Geological mapping of the Cerro Mantiqueiras Ophiolite was undertaken for this investigation in
Other investigators in the area (Tommasi et al. 1994) contributed with a significant data base and concluded that the ultramafic sheet is an ophiolite, based on extensive field mapping and microstructural investigations.
The second, detailed and most significant field investigation was made by the authors of this paper in the years 1994 and 1995 as part of the supervision of the doctoral thesis of Jayme A.D. Leite (1997) , with considerable financial support from Departamento Nacional da Produção Mineral, Brazilian Government, as part of the PhD project of JADL at Universidade Federal do Rio Grande do Sul. Because the only topographic sheet available was at the 1:50,000 scale, the ophiolite was surveyed at the 1-2 µm) was used for all chemical analyses and followed standard analytical procedures adopted in the three laboratories, e.g. 20 kV and 20 nA.
APPENDIX 2 CALCULATION OF OLIVINE-SPINEL EQUILIBRIUM TEMPERATURES
Temperature estimates for the middle amphibolite metamorphic event M 1 are obtained from the olivine-spinel geothermometer (Irvine 1967 , Jackson 1969 , which is based on the exchange reaction between Fe and Mg. The requirements for the An Acad Bras Cienc (2003) 75 (1) Fig. 9 -Metamorphic conditions in the enstatite, talc and antigorite stability fields prevailing during deformational events in the Cerro Mantiqueiras Ophiolite harzburgites as calculated from olivine Fo 90 × spinel equilibria (Evans and Frost 1975, Sack and Giorso 1991) . Plotted Cerro Mantiqueira Ophiolite temperatures reflect compositional groups from the mid amphibolite facies (A) and greenschist facies (B) conditions. use of this geothermometer are met by the Cerro Mantiqueiras Ophiolite minerals: (1) small variation in Mg/Mg+Fe ratios in olivine around Fo 90 , and (2) chrome-spinel compositions near the (Fe +2 , Mg) (Cr, Fe +3 ) 2 O 4 face in the spinel compositional prism.
The following equation (Jackson, 1969, p. 63 ) is used for the temperature ( • C) calculation (data from Although a wide range in temperatures is obtained between 450 • C and 920 • C, we only make broad generalizations about the temperatures of equilibrium of olivine-spinel pairs in the Cerro Mantiqueiras Ophiolite. This is because Sack and Ghiorso (1991) observed that the temperatures deduced from the Jackson geothermometer are often too high, particularly in olivine-chrome spinel pairs generated by regional metamorphism of serpentinites, which is the present case. Roeder et al. (1979) also concluded that the Jackson geothermometer yields a large and unreasonable range of temperatures for spinels high in ferric-iron, such as those from the Cerro Mantiqueiras Ophiolite. Nevertheles, the high temperatures (> 1000 • C) typical of mantle olivine-spinel pairs were not encountered in the Cerro Mantiqueiras Ophiolite with the Jackson geothermometer.
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